Increasing evidence indicates that dysbiosis in the gut microbiota contributes to disease pathogenesis. However, whether certain taxa are universally indicative of diverse shrimp diseases is unclear thus far. We conducted a meta-analysis to explore the divergences in gut microbiota between healthy and diseased shrimp. The gut bacterial communities of healthy shrimp varied significantly (P < 0.05 in each comparison) over ontogenetic stages, and were distinct from the corresponding diseased cohorts at each life stage. Both phylogenetic-based mean nearest taxon distance analysis and multivariate dispersion testing revealed that shrimp disease weakened the relative importance of deterministic processes in governing the gut microbiota. Partitioning beta diversity analysis indicated that temporal turnover governed the gut microbiota as healthy shrimp aged, whereas this trend was retarded in disease cohorts, concurrent with an increased nestedness. After ruling out the age-discriminatory and disease-specific orders, a high diagnosed accuracy (85.9%) of shrimp health status was achieved by using the profiles of the 11 universal disease-discriminatory orders as independent variables. These findings improve current understanding of how disease alters the ecological processes that govern the shrimp gut microbiota assembly, and exemplifies the potential application of universal bacterial signatures to diagnose the incidence of diverse shrimp diseases, irrespective of causal pathogens.
INTRODUCTION
The shrimp aquaculture industry is being threatened by newly emerging diseases, resulting in tremendous economic losses globally (Thitamadee et al. 2016) . The infectious agents of shrimp diseases, such as viruses, pathogenic bacteria and eukaryotes (Goncalves et al. 2014; Thitamadee et al. 2016) , are diverse, so that remedial practices are challenging. In addition, clinical signs are usually inconspicuous at the onset stage of shrimp disease (Xiong, Dai and Li 2016) . Once the symptoms are observed, the rapid exacerbation of shrimp disease could result in substantial mortality within a few days (Chen et al. 2017; Xiong et al. 2017b) . Therefore, it is mandatory to establish early warning strategies for predicting the incidence of shrimp disease.
It is now recognized that gut microbiota confers a wide variety of health benefits on the host, e.g. as a barrier against pathogen infection (Kamada et al. 2013; Nie et al. 2017 ) and maturation of the mucosal immune system (Sassonecorsi and Raffatellu 2015) . Thus, the dysbiosis in gut microbiota is concurrent with shrimp disease pathogenesis and symptom exacerbation (Xiong et al. 2015b; Zhu et al. 2016; Chen et al. 2017) . Intriguingly, the degree of deviation in gut microbiota is intimately associated with shrimp disease severity (Xiong et al. 2015b; Rungrassamee et al. 2016) . Going a step further, studies have repeatedly identified gut microbial signatures of shrimp diseases (Chen et al. 2017; Dai et al. 2017; Zheng et al. 2017) . However, it appears that the occurrences of some shrimp diseases are related to their life stages (Xiong et al. 2017b; Zheng et al. 2017) . For example, white feces syndrome (WFS) generally occurs in adult shrimp (Stride, Polkinghome and Nowak 2014) , while larvae suffer from mysis mold syndrome (Zheng et al. 2017) . In addition, gut microbiota vary substantially over shrimp life stages (Xiong et al. 2017b) . The confounded effects of shrimp age and disease on gut microbiota cn mask features associated with shrimp health from that in life stages (Yan et al. 2016; Xiong et al. 2017b) . By distinguishing between age-and disease-discriminatory taxa, our case study exemplifies the application of disease-discriminatory taxa to quantitatively predict the incidence of shrimp disease, and signifies the sentinel roles of gut microbiota in response to shrimp disease (Xiong et al. 2017b) . Given that shrimp is being threatened by diverse diseases (Thitamadee et al. 2016) , diseasediscriminatory taxa-based prediction of shrimp disease requires refinement to include different shrimp life stages and diseases. In practice, given the rapid and massive mortality of shrimp disease, an urgent harvest is usually impelled to reduce economic losses when disease emerges (Xiong et al. 2015b; Chen et al. 2017) . As a consequence, very few experimental designs can simultaneously consider all the possible variations of gut microbiota altered by different shrimp diseases. In addition, analysis-driven biases, which could be due to various primers and analysis pipelines used among studies, can lead to inconsistent results (Schloss, Gevers and Westcott 2011; Sun et al. 2013) . Under these conditions, it is still unclear whether some gut microbial lineages respond uniformly to diverse shrimp diseases, regardless of the causal agents (Xiong 2018) .
Meta-analyses collect data from multiple studies which facilitates the identification of common features associated with host health (Fujiovejar et al. 2017; Wagner Mackenzie et al. 2017) . For example, a meta-analysis revealed a conserved association between host inflammatory response and dysbiosis in gut microbiota, that is, a bloom of facultative anaerobic Proteobacteria and/or a decreased prevalence of obligate anaerobic Clostridia across a variety of human diseases (Winter and Bäumler 2014) . Indeed, universal gut bacterial biomarkers of common human gut diseases have been identified by metaanalysis (Mancabelli et al. 2017) . By contrast, the study of shrimp gut microbiota is in its infancy, thus it is unclear whether gut signatures of shrimp diseases mirror those observed in humans. However, it has been shown that molecular signatures in shrimp are shared by both the White Spot Syndrome Virus and the filamentous fungus Fusarium solani infections (Goncalves et al. 2014) . These findings provide clues to identify biologically relevant patterns among diverse shrimp diseases.
Herein, we combined available bacterial 16S rRNA gene sequence data from the literature. The collected data include four life stages (larva, juvenile, preadult and adult) and four diseases of Litopenaeus vannamei, including mysis mold syndrome, acute hepatopancreatic necrosis disease (AHPND), WFS and retardation (Table 1) . The causal agents of AHPND and retardation are Vibrio parahaemolyticus with the pVA1 plasmid (Lee et al. 2015; Chen et al. 2017) and Enterocytozoon hepatopenaei, an obligate microsporidian parasite (Thitamadee et al. 2016) , respectively. However, the responsible pathogen and pathogenesis mechanism of shrimp mysis mold syndrome and WFS are not clear yet, whereas both diseases are associated with the dysbiosis in gut bacterial communities (Xiong et al. 2017b; Zheng et al. 2017) . The main purposes of this study were: (i) to identify universal bacterial signatures in response to different shrimp diseases, and (ii) to evaluate whether the profiled universal bacterial signatures could serve as independent variables for diagnosing shrimp disease. Given that ecological processes could interpret pathogenology and guide disease control, it is therefore important to consider the process that assembles the gut microbiota (Rogers et al. 2013; Xiong, Dai and Li 2016) . Thus, we further deciphered how the assembly of gut microbiota was altered by the shrimp disease.
MATERIALS AND METHODS

Data acquisition
A comprehensive literature review was conducted to search for studies using high throughput sequencing analysis of the gut bacterial 16S rRNA gene from healthy and diseased L. vannamei. Studies without biological replicates were excluded. Sequencing data from references that satisfied these criteria and which were published before 31 August 2017 were included in this metaanalysis. Due to the limited attention that has been paid to the interplay between gut microbiota and shrimp health status, only five studies were found. Tables 1 and S1 provide a summary of the data that were included, including four shrimp life stages, four diseases and different shrimp organs (Xiong et al. 2015b (Xiong et al. , 2017a Chen et al. 2017; Zheng et al. 2017) . The life stages of shrimp were sorted based on days since hatching. Given the temporal sampling of these studies, only diseased shrimp and the corresponding healthy controls (samples were collected over a similar timeframe) were enrolled in the analysis. In general, body weight was insignificant between healthy and diseased shrimp, with the exception of retarded samples (Table S1 ).
Sequence processing and quality control
In the timescale studies we only retained the diseased and corresponding healthy cohorts. All raw data were combined and reanalysed following the Quantitative Insights Into Microbial Ecology (QIIME v1.9.0) pipeline (Caporaso et al. 2010a) . To compare data among studies that target different regions of the bacterial 16S rRNA gene (Table 1) , a closed-reference strategy was used as reported elsewhere (Fujiovejar et al. 2017) . In brief, those sequences with ambiguous bases or which were truncated at any site of more than three consecutive bases receiving a Phred quality score (Q < 20) and sequence length (< 300 bp) were deleted. Chimeras were detected by the UCHIME algorithm (Edgar et al. 2011) and removed, as were singletons. Each high-quality sequence was classified taxonomically against the Greengenes database (release 13.8) (DeSantis et al. 2006) at 97% cut-off using PyNAST (Caporaso et al. 2010b) . For downstream analyses, the OTUs (Operational Taxonomic Units) table was 10 × randomly rarified to 10 500 sequences per sample, excluding three samples with low sequencing depth. The raw sequences data were deposited in the DDBJ under the accession number DRA006530.
Statistical analysis
Phylogenetic diversity and Shannon diversity indices were calculated in QIIME (Caporaso et al. 2010a) . To focus on disease effects on gut bacterial diversity, a t-test was used to evaluate the significance between health status at each shrimp life stage. Given that there are many zero values in high throughput sequencing data, dissimilarities among the gut microbiota were visualized in a non-metric multidimensional scaling (NMDS) using the Hellinger-transformed Bray-Curtis distances (Legendre and Gallagher 2001). Parametric permutational multivariate analysis of variance (perMANOVA) was conducted to quantitatively evaluate the effects of shrimp life stage and disease type on the variations in the gut bacterial community using the 'adonis' function in R v3.2.1 (R Core Team 2015). Permutational analysis of multivariate dispersion (PER-MDISP) analysis was performed to test whether the observed beta diversity is indistinguishable from the null expectation (Chase et al. 2011) . Further, to quantify the phylobetadiversity, we calculated the mean nearest taxon distance (MNTD) (Stegen et al. 2013) . In evaluating the degree of non-random phylogenetic relatedness, the standardized effect sizes of MNTD of the phylogenetic community structure were calculated based on the differences between phylogenetic distances in the observed communities versus null communities generated with 999 randomizations divided by the standard deviation of phylogenetic distances in the distribution (Webb et al. 2002; Kembel et al. 2014) . Positive ses.MNTD values with high quantiles (P > 0.95) mean an overdispersion (i.e. divergence) of co-occurring species, whereas negative ses.MNTD values with low quantiles (P < 0.05) suggest that co-occurring species are more closely related than expected by chance (i.e. convergence). In addition, a larger absolute magnitude of ses.MNTD value reflects the stronger effects of deterministic processes (Webb et al. 2002; Stegen et al. 2013) . These analyses were implemented using the 'Picante' package in R v3.2.1 (Kembel et al. 2014; R Core Team 2015) . In addition, we partitioned the nestedness and temporal species turnover components of beta diversity by calculating three multiple-site dissimilarities (β sor = β sim + β nes ) with the 'betapart' package in R (Baselga 2010; Baselga and Orme 2012) . We used individual shrimp gut microbiota as 'sites' to construct healthy and diseased community tables for comparison. Due to the unequal sampling sizes (46 healthy and 53 diseased cohorts) for healthy and diseased cohorts, the significance in turnover and nestedness for health status was tested by randomly sampling 40 shrimp gut microbiotas 100 times using the beta.sample function in the 'betapart' package (Baselga and Orme 2012) .
Common disease-discriminatory lineages predicting incidences of shrimp disease
To identify shrimp life-stage-associated lineages, the relative abundance profiles of all taxa in healthy shrimp were fitted against their corresponding life stage using default parameters in the 'randomForest' package (Liaw and Wiener 2002) . The 'rfcv' function was implemented to identify the minimal number of top-ranking shrimp life-stage-associated lineages that were required to predict over 999 iterations. By ranking the order of importance, smaller models were constructed containing only the most important variables (Strobl et al. 2007 ). Similarly, to screen disease-specific lineages (four kinds of diseases; Table 1 ), a forest regression was employed to regress the relative abundance of each gut bacterial lineage in diseased samples against its corresponding disease type. The top-ranking diseasespecific lineages were determined as described above. Finally, we removed the top age-discriminatory and disease-specific lineages from the dataset, and the randomForest model was repeated to identify the top universal disease-discriminatory lineages in all enrolled samples between the healthy and diseased cohorts. To test whether the taxonomic level affected diagnostic accuracy, the models constructed were based on taxa at bacterial class, order, family, genus or species level to diagnose health status, respectively. Using relative abundances and corresponding weight coefficients of the universal diseasediscriminatory lineages as independent variables, the probability of health (its supplement is disease incidence) was predicted for the enrolled 99 samples. An inconsistency between an observed and predicted health status was termed a false diagnosis.
RESULTS
Sequencing results and taxonomic identification
Given that the gut microbiota is largely governed by host phylogeny, that is, phylogenetic inertia, we focused on the analysis of gut microbiota of L. vannamei. Five studies satisfied the inclusion criteria (full details are given in the Data acquisition section), which included four shrimp life stages and four kinds of disease (Table 1) . Quality control of sequence data generated 3199 137 high-quality reads recovered from 99 samples (46 healthy and 53 diseased specimens). Due to varied sequencing depth among the samples, we rarefied the data to 10 500 sequences per sample, resulting in a total of 7048 OTUs across the samples.
Members of Gammaproteobacteria (48.7 ± 30.4%, mean ± standard deviation) Alphaproteobacteria (19.1 ± 16.3%), Bacteroidetes (8.8 ± 9.4%), Actinobacteria (6.9 ± 16.7%), Planctomycetes (6.9 ± 13.2%) and Tenericutes (6.7 ± 17.1%) were the dominant phyla, which cumulatively accounted for 94.6% sequences in the shrimp gut microbiota. The high variability was attributed to profound alterations of gut microbiota over shrimp development and between health status (two-way analysis of variance for interaction(ANOVA) beetween shrimp life stage and health, P < 0.001 in all cases with the exception of Firmicutes; Table S2 ). Notably, consistent changes in the relative abundance of dominant phyla were detected between health status irrespective of shrimp life stages. For example, the relative abundance of Gammaproteobacteria consistently and significantly increased (P < 0.05 in each case) in diseased shrimp compared with corresponding healthy subjects, whereas Alphaproteobacteria and Actinobacteria exhibited an opposite pattern (Table S2) .
Changes in gut microbiota between shrimp health status
In general, alpha diversity of the gut microbiota decreased significantly (P < 0.05, three out of five cases) in diseased shrimp comparedwitho relevant healthy subjects, a finding supported by both phylogenetic diversity and Shannon diversity indices (Fig. S1) . However, the rarefaction curves did not reach a plateau (Fig. S2) . Thus, the shrimp gut bacterial richness remain underestimated here. Visualization of the distances in a twodimensional, NMDS biplot depicted high ontogenetic dynamics of the gut bacterial communities as healthy shrimp aged. Intriguingly, the gut microbiots between diseased and corresponding healthy cohorts were more similar thane over shrimp life stages (Fig. 1) . However, gut microbiota differed significantly between health status at each shrimp life stage ( Fig. 1 and Table S3 ). This pattern was further confirmed by perMANOVA, revealing that the largest proportion of variance within this meta-analysis was ascribed to shrimp life stage (R 2 = 0.183, P < 0.001). In addition, shrimp disease types (four kinds of disease; Table 1 ) also significantly contributed to variation in the model, even after ruling out the effect of shrimp life stage (R 2 = 0.169, P < 0.001) (Table S4 ).
Predictive modelling of shrimp disease using gut microbiota
To rule out the effects of shrimp life stage and disease type on the identification of universal disease-discriminatory lineages, the top-ranking age-discriminatory and disease-specific lineages were initially selected according to their important features. The minimized number of indicators for improvement in predictive performance was estimated by 10-fold crossvalidation (Refaeilzadeh et al. 2009 ). After excluding the agediscriminatory and disease-specific lineages from the dataset, the randomForest model was repeated to identify the universal disease-discriminatory lineages at bacterial class, order, family, genus, or species level, respectively. As a result, we found that the bacterial order level contributed the highest accuracy of classification, with an overall 85.9% diagnostic accuracy (Table 2) . For this reason, the bacterial order-level model was selected as the final bio-indicator for diagnosing the incidence of shrimp disease. At the gut bacterial order level, the regression explained 75.8% of the variance related to shrimp life stage. Occurrences of the top seven age-discriminatory orders contributed a clear separation of the gut microbiota over healthy shrimp development, while the replicated adult cohorts overlapped (Fig. S3A) . Similarly, using profiles of the top six disease-specific orders, gut microbiota were clustered according to host disease types, e.g. both preadults and adults suffering from white feces syndrome were indistinguishable (Fig. S3B) .
The relative abundances of the top 11 universal diseasediscriminatory orders varied substantially among samples (Fig. 2 and Table S5 ). For a given bacterial order, its abundance was consistently enriched or reduced between healthy and diseased cohorts, irrespective of life stages and disease agents, illustrating their universal responses to shrimp health status. For instance, the relative abundances of Acidimicrobiales and Actinomycetales consistently decreased in diseased shrimp in relation to corresponding healthy ones, while those of Aeromonadales and Alteromonadales exhibited an inverse trend ( Fig. 2 and Table S5 ). Using profiles of the 11 disease-discriminatory orders, the prediction model was applied to the enrolled 99 samples, which contributed an overall 85.9% accuracy (Table 2) . In healthy subjects, 39 specimens (84.8% given the cut-off probability for accurate stratification is 50%) were diagnosed correctly as healthy. In diseased cohorts, 46 individuals (86.8% of diseased subjects) were predicted accurately as diseased (Table 2 and Fig. 3 ). There were a few false diagnoses for larvae (68.2%), while the prediction accuracies were high in juvenile (91.7%) and adult (95.7%) stages (Fig. 3) . These findings underscore the potential of gut microbiota as biomarkers in diagnosing the incidence of shrimp disease.
Ecological processes governing gut microbiota between shrimp health status
Using the MNTD approach, we compared the ses.MNTD of the gut microbiota between the health status for each shrimp life stage. Using a null model, the ses.MNTD values were significantly less than zero (Fig. 4) . In this regard, shrimp gut bacterial communities tended to be more phylogenetically clustered than would be expected by stochasticity. Consistently, the Bray-Curtis distance-based PERMDISP results also significantly (P < 0.001 in all cases) deviated from the null random expectation for each group (Table S6) . However, the absolute magnitude of ses.MNTD values in diseased shrimp were significantly and consistently lower than those in corresponding healthy subjects (Fig. 4) , indicating a greater importance of stochastic processes in governing the gut bacterial community in diseased cohorts.
The dissimilarities of gut microbiota increased significantly as shrimp aged for both healthy (slope = 0.0032, intercept = 0.772) and diseased (slope = 0.0023, intercept = 0.789) cohorts, as evidenced by β sor (Fig. 5A, D) . However, the slope for diseased shrimp was significantly lower (P = 0.012) than healthy cohorts, while the intercepts were comparable (P = 0.287). A similar pattern was observed for the temporal turnover (β sim , Fig. 5B, E) . In contrast, nestedness (β nes ) was significantly higher (P < 0.001) in diseased shrimp (slope = 0.0011, intercept = 0.044) compared with healthy cohorts (slope = 0.0006, intercept = 0.070) (Fig. 5C, F) . 
DISCUSSION
It is becoming clear that host disease severity is intimately related to the degree of dysbiosis in gut microbiota (Xiong et al. 2015b; Boursier et al. 2016) . However, it is unclear whether certain gut lineages consistently respond to different diseases, irrespective of the causal agents. In this study, we successfully identified the universal disease-discriminatory orders which can serve as independent variables for accurately diagnosing the incidence of L. vannamei disease. Additionally, we explored ecological processes that govern the gut microbiota between shrimp health status, which adds the interpretation of shrimp disease etiology and pathogenesis.
Healthy shrimp gut microbiota
The results from this meta-analysis are concordant with those of previous studies, showing the dominance of members from Gammaproteobacteria, Alphaproteobacteria and Bacteroidetes in the gut bacterial communities over healthy shrimp (L. vannamei) development (Xiong et al. 2017b; Zheng et al. 2017) . However, these members are distinct from other shrimp species, such as Marobrachium nipponense with a dominance of Firmicutes (Tzeng et al. 2015) , and Penaeus monodon being dominated by Gammaproteobacteria (relative abundance > 88.3%) (Rungrassamee et al. 2016) . Thus, it is apparent that shrimp phylogeny contributes to the divergence of gut microbiota. The large differences in the baseline of gut microbiota among shrimp species could mask the effects of disease, thereby impeding the identification of universal bacterial signatures for diagnosing diseases among shrimp species. To rule out the cofounded effects of phylogeny on gut microbiota, we focus on L. vannamei (the largest aquacultured shrimp species). The dominance of Gammaproteobacteria in healthy shrimp is concurrent with other studies (Cornejo-Granados et al. 2017; Rungrassamee et al. 2016) . Interestingly, members of the order Vibrionales (affiliated with Gammaproteobacteria) include many opportunistic pathogens in shrimp aquaculture (Rungrassamee et al. 2016; Xiong et al. 2015a ). However, the majority of Vibrio are not pathogenic, and some are even beneficial (Arnosti 2011) . The diverse biological functions of Vibrio species may partially explain why Vibrionales are detected for age-discriminatory orders in healthy shrimp, and for diseasespecific orders in diseased cohorts (Fig. S3) . Indeed, the phenotypes of some Vibrionales strains can convert from nonvirulent to virulent due to changes in rearing conditions and/or induced quorum-sensing regulation (Zhang et al. 2016) . Thus, it is mandatory to identify the underlying factors that induce the virulence of Vibrionales in shrimp gut microbiota in future research. High dynamics of dominant lineages are common over the ontogeny of healthy individuals, as detected here (Table S2 ) and in other studies (Rungrassamee et al. 2016; Xiong et al. 2017b) . Consistently, no significant difference (P = 0.080, Table S3) in the gut microbiota was detected between the replicated healthy adults. However, it is still debatable whether the nature of gut microbial variation in healthy individuals is discrete or continuous (Knights et al. 2014) . Our results supported continuous gradients (that is, changes in relative abundance) of gut dominant phyla, rather than discrete (present or absent) enterotypes (Table S2) , which could be attributed to a gradually increased selection of the gut lineages as the host aged (Burns et al. 2016) .
Diseased shrimp gut microbiota
The occurrences of shrimp disease were closely associated with dysbiosis in the gut microbiota (Fig. 1) . Notably, disease effects were also evident at the coarse phylum/class level, which exerted a consistent enrichment or reduction for a given lineage across the four kinds of disease, such as consistent decreases in the relative abundance of Bacteroidetes and Actinobacteria in diseased shrimp (Table S2 ). The consistent responses to shrimp diseases raises the issue of why related bacterial lineages bloom or decline simultaneously in the gut. Increasing evidence has shown that pathogenic infections exploit host inflammatory responses, which in turn induce the production of reactive nitrogen and oxygen species (Winter et al. 2013; Xiong et al. 2017b) . As a result, the prevalence of obligate anaerobic bacteria such as Bacteroidetes decreased, whereas facultative anaerobic bacteria affiliated with Gammaproteobacteria increased in diseased individuals (Table S2 ). In addition, intestinal inflammation could disrupt the configurations of resident microbiota, resulting in vacated niches for the invasion of incoming pathogens (Kitamoto et al. 2016) . Consistently, commensal Actinobacteria species exhibit antibacterial activity against fish pathogenic bacteria (Jami et al. 2015) . Thus, a higher abundance of Actinobacteria is expected in healthy cohorts (Table S2 ). In contrast, several members of Gammaproteobacteria are common shrimp pathogens (Liu, Liu and Li 2016) , which were enriched in diseased subjects (Table S2 ). In agreement with this divergence, there are antagonistic interactions between Actinobacteria and Gammaproteobacteria species in shrimp gut microbiota (Zhu et al. 2016) . Putting these pieces together, it appears that some gut bacterial taxa respond to shrimp diseases with a universal pattern, regardless of causal agents.
Quantitatively predicting the incidence of shrimp disease
The interplay between the dysbiosis in gut microbiota and shrimp disease has been documented (Xiong et al. 2015b; Chen et al. 2017; Zheng et al. 2017) . However, it is still unclear whether gut signatures are predictive of disease incidence. We reasoned that if the shrimp gut microbiota gradually shift to a diseased state (Rungrassamee et al. 2016; Xiong et al. 2017b) then the degree of dysbiosis would reflect the severity/risk of disease. Given the pronounced microbiota dynamics over shrimp life stages and among different diseases (Fig. 1) , the top age-discriminatory and disease-specific orders were excluded before the identification of universal disease-discriminatory orders (Fig. S3) , as their variation in healthy shrimp (temporal dynamics over development) and the etiology-dependent could be mistakenly perceived as that universally responding against different diseases. It is worth emphasizing that age-discriminatory orders were different from our previous work, in which the disease-discriminatory biomarkers were identified at the bacterial OTU level (91.5% accuracy, Xiong et al. 2017b) . However, the overall diagnostic accuracy improved to 94.3% for WFS adults (33 in 35 samples, Fig. 3) . Thus, the optimization here is valuable. Multiple reports have shown that the changes in gut microbiota are gradient-like, rather than being part of a discrete process, over the shrimp disease progression (Xiong et al. 2015b; Rungrassamee et al. 2016; Chen et al. 2017) . This feature allows the evaluation of an individual's position along the spectrum of intra-cluster variation, thereby quantitatively predicting the incidence of shrimp disease (30). It should be stressed that the sources of the samples affect the structures of bacterial community (Table S1 ). However, the larvae were sprayed with ethanol, and then washed with sterile seawater to remove adherent microorganisms, thereby facilitating the analysis of digestive tract microbiota (Zheng et al. 2017) . A recent study shows that the majority of OTUs are shared between the gut and hepatopancreas of L. vannamei (Cornejo-Granados et al. 2017 ). In addition, there is a universal response of digestive tract microbiota to disease, with a concordance in shrimp stomach and gut (Chen et al. 2017) . For these reasons, the 11 universal bacterial signatures for shrimp disease might also be applied to predict shrimp health on microbiota of other shrimp organs, such as hepatopancreas. In addition, we mapped the partial sequences to the full length of 16S rDNA gene in the Greengene database. This approach could Figure 3 . The predicted probabilities of shrimp health based on profiles of universal disease-discriminatory bacterial orders. At each life stage, the left shows healthy subjects, while the right shows diseased subjects. The predicted probability of health > 50% was stratified as healthy shrimp, while that < 50% was stratified as diseased shrimp. Any inconsistency between observed and predicted health status was termed a false diagnosis. The solid triangles indicate falsely diagnosed subjects. The hollow cycles indicate correctly diagnosed samples. minimize the biases induced by different hyperviable regions. Thus, it is likely that the universal signatures observed here are independent of hypervariable regions. Indeed, we tested our model with the data in another study (Cornejo-Granados et al. 2017) , resulting in an overall accuracy of 77.8% (14 in 18 cases, including six healthy and six diseased samples from cultured shrimp, and six healthy samples from wild-type shrimp; three intestines and three hepatopancreas for each of the three groups). In this regard, the model is workable, although it requires validation in a large cohort.
The profiles of the 11 universal disease-discriminatory orders contributed an overall 85.9% diagnostic accuracy of shrimp health status (Fig. 3) . However, subjects within each putative cluster exhibited varied incidences of disease, with a relatively low diagnostic accuracy for larvae (68.2%, 15 in 22 cases) (Fig. 3) . One potential reason for this is that diseased shrimp co-exist with a low proportion of healthy individuals in a pond where disease occurs. Thus, the mysis mold syndrome subjects (multiple individuals are pooled) could be contaminated by healthy larvae due to their small size, and vice versa, thereby counteracting the differences between healthy and diseased shrimp. This in turn generates a compromised diagnostic accuracy. Therefore, several key lessons were revealed here: (i) disentangling the normal dynamics in gut microbiota over healthy shrimp development, as well as the etiology-dependent responses, to establish a baseline against which to identify common disease effects; (ii) a supervised way can integrate the degree to which an individual diverges from the spectrum of intra-cluster variation, thereby quantitatively estimating the incidence of disease; and (iii) comparing the discriminatory power of disease-discriminatory lineages across different taxonomic levels can optimize diagnostic accuracy.
Shrimp diseases weaken the importance of deterministic processes
The gut microbiota assemblies were statistically distinct from those of random distribution over healthy shrimp development (Table S6 ). This pattern was also evidenced by a null model that integrates phylogenetic signs (Fig. 4) . Similarly, the deterministic processes are dominant in governing the gut microbiota as fish aged (Burns et al. 2016; Yan et al. 2016) . According to the co-evolution hypothesis, the gut microbiota should be tightly regulated by the host, thereby ensuring suitable bacterial colonization to improve the host's fitness (Rosenberg et al. 2007) . In this regard, it is reasoned that the assembly of gut microbiota is governed by determinism in healthy individuals. By contrast, it remains unclear on how host disease modulates the gut community assembly. The relative importance of deterministic processes decreased consistently in diseased shrimp compared with corresponding healthy subjects, with the exception of the preadult stage (Fig. 4) . This pattern is supported by recent studies focusing on the ecological process, where shrimp disease weakens the relative importance of deterministic processes in governing gut microbiota (Zhu et al. 2016; Xiong Figure 5 . Relationship between gut bacterial dissimilarity (βsor, β sim and βnes) and age interval in healthy (A-C) and diseased shrimp (D-F). βsor is the total beta diversity; β sim is the spatial turnover, implying the replacement of some species by others as a consequence of host filtering; βnes is the nestedness of species assemblages, reflecting a non-random process of species loss as a consequence of any factor that promotes the orderly disaggregation of assemblages.
et al. 2017b). One possible explanation is that a low-ranking host, e.g. shrimp, relocates energy to immune response (Xiong 2018) , thereby attenuating the selective pressure on the colonization of external taxa. Alternatively, inflammatory responses could disrupt the balance of a healthy microbiota, which in turn leads to the loss of colonization resistance (a feature dependent on the commensals) (Kamada et al. 2013) . In addition, an inflamed intestine facilitates a competitive advantage of pathogens against commensals (Stecher and Hardt 2011; Winter and Bäumler 2014) . As a consequence, the relative abundance of opportunistic pathogens, such as Aeromonadales and Alteromonadales species, were substantially enriched in diseased cohorts, whereas the potential probiotics, e.g. Actinomycetales species, were suppressed (Fig. 2) . These additional detrimental effects may partially explain why shrimp diseases generally cause a rapid mortality (Chen et al. 2017; Xiong et al. 2017b ). However, follow-up studies are warranted to evaluate how an increased stochasticity modulates the pathology (Xiong 2018) .
To infer disease effects on the mechanisms behind the assembly of gut microbiota, we partitioned beta diversity into its temporal turnover and nestedness components. In healthy individuals, beta diversity was governed by temporal turnover, reflecting replacement of some species by others as a consequence of host filtering over development (Burns et al. 2016) . As a result, there are shrimp lifestage-specific lineages in gut microbiota, as observed here (Fig. S3 ) and in previous studies (Xiong et al. 2017b; Yan et al. 2016) . In contrast, beta diversity of diseased shrimp was jointly shaped by temporal turnover and nestedness (Fig. 5) , indicating ordered species loss or gain in diseased subjects (Stride, Polkinghome and Nowak 2014) . It has been proposed that host disease could retard the maturity of gut microbiota (Li et al. 2017; Xiong et al. 2017b) . Consistently, the temporal turnover of gut microbiota in diseased shrimp was significantly lower than in healthy cohorts (Fig. 5) . According to the 'like will like' hypothesis, the establishment of pathogens in diseased shrimp would facilitate the colonization of its phylogenic relatives, which in turn prohibits the recruitment of more phylogenetically diverse members (Lee et al. 2015) . Consequently, each diseased cohort harboured its gut disease-specific orders, concurrent with a decreased diversity (Figs. S1 and S2 ). This pattern confirms data from an earlier study in which gut bacterial communities tend to be convergent (that is, a lower temporal turnover) in diseased shrimp (Xiong et al. 2017b) . However, host disease-induced alteration in the gut microenvironments could impose a global selective pressure on commensals (Lee et al. 2015; Winter and Bäumler 2014) , resulting in common gut signatures in response to diverse shrimp diseases. Collectively, an ecological perspective offers a novel opportunity to disentangle disease-associated signatures from the normal ageing process, and thus aids our understanding of etiology.
Future directions
Going a step further, application of the quantitative PCR to detect relative abundances of the universal biomarkers (serving as independent variables) will facilitate practical diagnosis of shrimp disease incidence (Yu et al. 2018) . However, the conclusion of this meta-analysis was actually limited by so few published studies on the gut microbiota between shrimp health status. Future studies should validate to what extent this is also the case for other diseases (and shrimp species) and thus may be a general, recurrent pattern in gut microbiota signatures. Regarding the universal biomarkers for indicating shrimp health status, it is pertinent to focus on elucidating their roles in disease exacerbation, and the underlying ecological mechanism. Such research bridges the gap between theoretical research and practical application. 
